A cute chorioamnionitis (hereinafter called chorioamnionitis) refers to the neutrophilic inflammation of the placental tissues thought to result from an ascending bacterial infection. 1 It is considered a major factor associated with preterm birth and has been estimated to occur in 40% to 80% of preterm deliveries. 1, 2 Chorioamnionitis is associated with several adverse neonatal outcomes, including respiratory distress syndrome, sepsis, bronchopulmonary dysplasia (BPD), and death. 3 In both animal and clinical studies, chorioamnionitis has been associated with perinatal brain injury. 4 Brain injury is thought to result either through placental inflammation, causing local vasoconstriction and ischemic injury in the fetal brain, or through contributions of circulating proinflammatory cytokines and reactive oxygen and nitrogen species to vulnerable brain cell populations. [4] [5] [6] [7] Clinical studies examining brain injury and neurodevelopmental outcomes among infants with chorioamnionitis have yielded inconsistent results. Most of these studies have focused on intraventricular hemorrhage (IVH) and cystic periventricular leukomalacia. Although individual studies have not consistently detected associations between chorioamnionitis and IVH or cystic periventricular leukomalacia (for review, see Chau et al 4 and Ylijoki et al 8 )
, when pooled in a metaanalysis, chorioamnionitis was an independent risk factor for cystic periventricular leukomalacia. 9 Because the incidence of cystic periventricular leukomalacia has greatly decreased during the past decades concurrent with improvements in neonatal intensive care, punctate white matter injury (WMI) is increasingly recognized as the most prevalent pattern of brain injury among preterm neonates. [10] [11] [12] [13] One prospective cohort study found no difference in the severity of WMI, brain metabolism, or white matter microstructure between neonates with or without histologic chorioamnionitis. 11 The results of studies examining neurodevelopmental outcomes among infants with chorioamnionitis have been inconsistent. Chorioamnionitis has been associated with cerebral palsy in 2 meta-analyses. 14, 15 Mild neurocognitive impairments have been reported among certain studies, albeit with very small effect sizes, 3, 16, 17 whereas other groups have not found significant differences. 18, 19 Some of the heterogeneity reflected by previous studies has been attributed to discrepancies in study criteria, such as the definition of chorioamnionitis (ie, histologic vs clinical), the gestational age of the infants studied, and differences among clinical practices that could contribute to outcomes in single-center studies. 9, 17 These prior studies have also suggested the need to account for other pathways to preterm birth that may contribute to adverse outcomes in the nonchorioamnionitis-exposed groups, such as preeclampsia.
The primary objective of the present prospective multicenter study was to examine the association of histopathologic chorioamnionitis with IVH, WMI, and neurodevelopmental outcomes in a cohort of very preterm infants. We hypothesized that chorioamnionitis would be associated with adverse motor and cognitive outcomes when accounting for prenatal factors, including preeclampsia. A secondary objective was to compare findings across academic centers to identify center-specific factors that might mediate differences in the association between chorioamnionitis and outcome.
Methods

Study Population
Individual prospective cohorts were drawn from 3 academic centers: BC Children's and Women's Hospital and the Univer- The study was approved by the research ethics board or institutional review board at each center, and written informed consent was obtained from the parent or legal guardian of each infant. Further details on study enrollment are provided in the eMethods in the Supplement.
There were 448 preterm infants (24-32 weeks' gestation) in the total cohort: 232 from UBC, 70 from UCSF Benioff Children's Hospital, and 146 from UMCU. Infants were included in the analysis ( Figure 1 ) if they had undergone placental pathologic assessments, early brain magnetic resonance imaging (MRI), and 18 to 24 months of follow-up. Among the cohorts from the 3 academic centers, infants with evidence of a congenital infection, genetic syndrome, or large parenchymal hemorrhagic infarction (>2 cm) were excluded.
Placental Histologic Assessment
Each placenta was sent fresh for macroscopic and microscopic analyses, which were conducted using the same clinical protocols at each center. Histologic chorioamnionitis was defined by clinical pathologists (including J.T. and C.C.) using criteria defined by Redline et al, 20 and the degree of placental inflammation was scored as outlined as the eMethods in the Supplement.
Clinical Factors
Systematic medical record reviews were conducted to collect information about pregnancy, delivery, and perinatal course. Definite episodes of necrotizing enterocolitis stage 2 and higher
Key Points
Question Is histologic chorioamnionitis associated with perinatal brain injury and adverse neurodevelopmental outcomes among children born preterm?
Findings In this multicenter cohort study of 350 children, histologic chorioamnionitis was not associated with perinatal intraventricular hemorrhage or punctate white matter injury nor with lower motor or cognitive scores at 18 to 24 months' corrected age.
Meaning Histologic chorioamnionitis is not associated with adverse early childhood neurodevelopmental outcomes among preterm neonates.
were recorded using the criteria of Bell et al. 21 Postnatal positive-culture infection was noted. 22 In the absence of a universally accepted definition, newborns were considered to have hypotension if they were treated with saline boluses or vasopressors for low blood pressure. 22 Data on maternal educational level were collected as an important mediator of neurodevelopmental outcomes among preterm-born children.
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Magnetic Resonance Imaging
Newborns underwent MRI as soon as they were clinically stable at a median age of 3.4 weeks (interquartile range [IQR], 2.0-5.1 weeks) using well-established protocols at each center. [11] [12] [13] 25 Early postnatal MRI has been shown to provide the best representation of focal noncystic WMI occurring as a result of in utero exposures. [11] [12] [13] 25, 26 In addition, WMI detected on early postnatal MRI scans has been shown to be associated with adverse neurodevelopmental outcomes at 18 months of corrected age (CA).
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Experienced assessors (including A.J.B., L.S.d.V., M.B., and S.P.M.) at each center noted IVH and punctate WMI. Good interobserver agreement for punctate WMI has been shown in a previous study between radiologists at UBC and UCSF Benioff Children's Hospital. 27 Further details on labeling of WMI are available in the eMethods in the Supplement. Punctate WMI volume was calculated through manual segmentation according to the method described in Guo et al 26 and was normalized as a percentage of total brain volume. Although there were slight differences in the T1-weighted MRI acquisition protocols used among the centers, the acquisition resolution was similar. Furthermore, we accounted for the center as a potential confounder in the regression models examining WMI volume. In a fourth model, we accounted for the interaction between histologic chorioamnionitis and center to examine whether any association with chorioamnionitis was modified by center.
Developmental Follow-up
Results
Cohort Demographic and Clinical Characteristics
As shown in Figure 1 , of the 448 infants in the total initial cohort, 39 did not undergo placental pathologic assessment, 15 did not undergo early brain MRI, 38 were lost to follow-up, and 6 died. Thus, a total of 350 infants were included in the analysis: 183 infants from UBC, 106 from UMCU, and 61 from UCSF Benioff Children's Hospital. There were significant differences among the clinical characteristics of the infants across the 3 centers ( Table 1) . In particular, the UMCU cohort had the lowest median gestational age at birth, the highest incidence of grades 3 and 4 IVH, and the highest incidence of histologic chorioamnionitis, yet this cohort also had the lowest WMI volume and the highest motor scores. Cognitive scores among the infants did not differ across the 3 centers.
Chorioamnionitis
Histopathologic chorioamnionitis was identified in 145 of the 350 infants (41.4%) in the total cohort. In 74 of these 145 infants (51.0%), a severe maternal inflammatory response was identified, and in 14 infants (9.7%), a severe fetal inflammatory response was identified. Only 18 infants (5.1%) were born to mothers who received a diagnosis of clinical chorioamnionitis.
The clinical characteristics of infants born to mothers with or without chorioamnionitis are summarized in Table 2 . Infants in the chorioamnionitis group were less likely to be born to mothers with preeclampsia, were born at a lower gestational age, and had a higher incidence of postnatal sepsis. 
Chorioamnionitis and Perinatal Brain Injury
The incidence of moderate to severe IVH (grades 3-4) did not differ significantly among neonates exposed to chorioamnionitis (15 of 143 [10.5%]) compared with those who were unexposed (9 of 205 [4.4%]). White matter lesion volumes, expressed as a percentage of total cerebral volume, did not differ between infants who were exposed to chorioamnionitis (median, 0.03%; IQR, 0.01%-0.15%) and those who were unexposed to chorioamnionitis (median, 0.02%; IQR, 0.01%-0.09%) in the univariable analysis. There was likewise no association between chorioamnionitis and WMI volume as a percent of total cerebral volume when accounting for birth gestational age, postmenstrual age at MRI, and center (mean, 0.02%; 95% CI, −0.02% to 0.08%).
Chorioamnionitis and Neurodevelopmental Outcomes
A univariable analysis indicated no significant difference in motor scores between infants of 18 to 24 months CA with (median, 100; IQR, 91-110) or without chorioamnionitis (median, 100; IQR, 94-110) ( Figure 2 ). There was likewise no association using multivariable analysis accounting for perinatal factors, BPD, postnatal sepsis, and brain injury (Bayley-III motor score, −2.2; 95% CI, −5.6 to 1.3) ( Table 3 , eTable 1 in the Supplement).
Cognitive scores were marginally lower among children with chorioamnionitis (median, 105; IQR, 95-110) than among those without chorioamnionitis (median, 105; IQR, 100-115) in the univariable model ( Figure 2 ). This association persisted when adjusting for center, maternal educational level, and gestational age (Bayley-III cognitive score, −3.5; 95% CI, −6.6 to −0.3), with an increase in effect size when preeclampsia was added to the model (Bayley-III cognitive score, −4.2; 95% CI, −7.6 to −0.9) ( Table 3 , eTable 2 in the Supplement). The association was attenuated when BPD, sepsis, and brain injury were incorporated into the model (Bayley-III cognitive score, −3.0; 95% CI, −6.4 to 0.4) ( Table 3 ; eTable 2 in the Supplement).
Differences in cognitive outcome were not associated with center-specific factors (eTables 1 and 2 in the Supplement). In addition, there were no significant center by chorioamnionitis interactions for either motor or cognitive scores in the full models. The severities of the maternal and fetal inflammatory responses were not associated with cognitive outcomes in multivariable models (details reported in eTables 3 and 4, eResults, eFigure, and eDiscussion in the Supplement).
Discussion
Chorioamnionitis and Perinatal Brain Injury
In this multicenter cohort of preterm infants, we found that histopathologic chorioamnionitis was not associated with IVH or punctate WMI among preterm neonates. Although some studies have found an association between IVH and chorioamnionitis, our data are consistent with most studies reporting no association (for review, see Ylijoki et al 8 ) . Our finding that histopathologic chorioamnionitis was not associated with WMI is consistent with a previous analysis of the Vancouver subset of our study cohort, which showed no association with punctate WMI among preterm newborns. 11 In that prior analysis, WMI was assessed categorically rather than quantitatively with volumes. 25 Our present study extends those findings in a larger and heterogeneous multicenter cohort with WMI volumes and uniform outcome assessments. Use of white matter lesion volume enables a more robust assessment of WMI severity. 26 Consistent with prior work, 26 WMI volume normalized to total cerebral volume was associated with motor and cognitive outcomes.
Chorioamnionitis and Neurodevelopmental Outcomes
Histologic chorioamnionitis was not associated with motor outcomes among infants at 18 to 24 months' CA. Although chorioamnionitis was associated with a small decrease in cognitive scores even when accounting for perinatal factors, the association was attenuated when sepsis, BPD, IVH, and WMI were included in the model. Sepsis, BPD, and brain injury are postnatal factors occurring distal to chorioamnionitis and may lie on the causal pathway between chorioamnionitis and neurodevelopmental outcome. The results of our multivariable model indicated that postnatal sepsis and WMI were each predictive of cognitive outcome (eTable 2 in the Supplement). Chorioamnionitis is a known risk factor for postnatal sepsis. 31 For the preterm neonate, postnatal infection, even in the absence of positive cultures, has been associated with WMI, brain dysmaturation, 22 and adverse cognitive and motor functions, including cerebral palsy. 29, 30 Our findings therefore un- derscore the pressing need to prevent postnatal sepsis, BPD, and WMI, with the goal of improving the neurodevelopmental outcomes of preterm neonates. The lack of an association between histologic chorioamnionitis and cognitive outcome in our cohort is consistent with another, larger prospective study of 1375 preterm infants, among whom the combination of histologic and clinical chorioamnionitis was associated with low 18-month cognitive scores. 17 In another preterm cohort, histologic chorioamnionitis was not associated with worse neurocognitive performance at 2 years of age but was associated with poorer cognitive development and learning and memory functions at 5 years. 32 Our findings differ from those of another prospective study of 628 preterm infants, which found a 4-point decrease in cognitive scores among children with histologic chorioamnionitis, even when accounting for perinatal factors. 3 Although these previous studies accounted for perinatal variables, none of them accounted for postnatal variables, which, in our analysis, further attenuated the association between chorioamnionitis and outcome. A notable outcome of our analysis was the increased effect size of the association between chorioamnionitis and cognitive outcome when accounting for preeclampsia. In a previous preterm cohort study in which infants were grouped into different categories reflecting the most likely cause of preterm birth, infants with maternal preeclampsia had worse cognitive scores at 2 years of age than infants with chorioamnionitis or infants with neither condition. 19 A similar study that specifically examined placental histologic features as the cause for preterm birth likewise found that infants with placental underperfusion had worse cognitive scores at 2 years of age than infants with histologic chorioamnionitis. 33 In our analysis, we compared infants with chorioamnionitis with those born preterm owing to any other cause. Because our comparison group included infants born preterm owing to preeclampsia and were therefore themselves at risk of adverse neurodevelopmental outcomes, including preeclampsia in the model likely enhanced the association of chorioamnionitis with cognitive outcome. Preeclampsia has not been consistently accounted for in previous cohort studies of chorioamnionitis, 3, 17, 32 although the results of our analysis suggest that it is important to consider the etiology of preterm birth when studying chorioamnionitis.
Limitations
A limitation of our study is that infants were assessed only at 18 to 24 months' CA; thus, we cannot exclude a link between chorioamnionitis and more subtle neuropsychologic deficits apparent only at school age, as in the study by Ylijoki et al. 32 Because neonates with large periventricular hemorrhagic infarctions were excluded, the link between chorioamnionitis and this severe form of IVH could not be examined. Likewise, because unstable neonates did not undergo an early MRI and thus were not included in the analysis, it is possible that some neonates with more extensive brain injury were missed. Another limitation of our study is that we did not assess measures of brain development, such as those obtained though diffusion tensor imaging, given variations in MRI acquisition across centers. Although a recent study found an association between altered fractional anisotropy and histologic chorioamnionitis, 2 in an earlier subset of our UBC cohort with very similar characteristics, histologic chorioamnionitis was not associated with diffusion measures of brain maturation. 11 We used uniform assessments of brain injury and Box and whisker plots showing median score (horizontal line in the box), interquartile ranges (top and bottom borders of the box, which mark the 75th and 25th percentiles, respectively), and upper and lower adjacent lines (whiskers, which mark the 90th and 10th percentiles). The points beyond the whiskers are outliers beyond the 90th and 10th percentiles. functional outcomes across 3 centers and did not detect an association between histologic chorioamnionitis and these measures.
Conclusions
The main strength of our study was the use of a heterogeneous multicenter cohort to assess center-specific factors mediating the association between chorioamnionitis and outcome that could underlie the heterogeneity found among previous studies. Consistent with other reports, 11, [22] [23] [24] 29, 30 in our multivariable analysis, motor outcomes were associated with moderate to severe IVH and WMI, whereas cognitive outcomes were most robustly associated with maternal educational level, postnatal sepsis, and WMI. Yet in our multicenter cohort, histologic chorioamnionitis was not associated with punctate WMI volume or with worse motor or cognitive outcomes at 18 to 24 months' CA when accounting for clinical factors and brain injury. Preventing postnatal illness, such as infection, remains an important opportunity to improve the brain health of children born preterm.
(EXPRESS). Acta Obstet Gynecol Scand. The degree of placental inflammation was scored by experienced pathologists for stage (extent) and grade (severity) of both the maternal and fetal inflammatory responses, using the scale proposed by Redline et al. 1 For the maternal and fetal inflammatory responses, the stage (Score 1-3) ranges from early (subchorionitis, umbilical/chorionic vasculitis) to advanced (necrotizing chorioamnionitis, necrotizing funisitis), and the grade from mild/moderate (1) to severe (2), according to specific histopathological features. 1 For the purpose of this analysis, a single measure was constructed to quantify the extent of the maternal and fetal inflammatory responses, respectively, incorporating Redline's measures of stage and grade and was defined as none (stage and grade of 0), mild (stage or grade of 1), and severe (stage of 2-3 or grade of 2).
Labelling of WMI was carried out with simultaneous coronal, sagittal, and axial views of the brain using Display software (http://www.bic.mni.mcgill.ca/ServicesSoftwareVisualization). Tricubic interpolation was used for visualization as it permitted accurate and consistent segregation of the WMI from the surrounding structures. Images were inspected to ensure that voxels with ambiguous signal intensity were not erroneously considered within the WMI segmentation. An experienced neonatal neurologist reviewed the segmented WMI from all centres for quality control.
Due to inconsistencies in the definition of clinical chorioamnionitis, a descriptive term, "intrauterine inflammation or infection or both", or "Triple I" has been proposed. 2 Although we lack the clinical data to evaluate either "Triple I" or "suspected Triple I" as they have been defined, for the UBC and UMCU cohorts we were able to calculate a modified "Suspected Triple I" score as maternal fever plus baseline fetal tachycardia or maternal WBC according to clinical definitions used in our cohort: fever defined as temperature greater than 37.8 degrees Celsius, fetal tachycardia defined as HR > 160, and maternal leukocytosis defined as a WBC greater than 14,000/mL. We calculated the incidence of this measure in the combined UBC and UMCU cohort and, in a univariable analysis, its association with motor and cognitive outcomes. To further examine the relationship of chorioamnionitis with cognitive outcomes, we explored the severity of the inflammation defined on histopathological examination of the placental tissues. The severity of the maternal inflammatory response was associated with worse cognitive scores in the univariable model (p = 0.006; eFigure 1) but not in the final multivariable model (-3.3 points, Bayley-III cognitive scale; 95% CI [-7.5, 0.8]; eTable 3). Likewise, the severity of the fetal inflammatory response was associated with worse cognitive scores in the univariable model (p = 0.05; Figure 1 ) but not in the final multivariable model (-2.2, Bayley-III cognitive scale; 95% CI [-5.8, 1.5]; eTable 4).
The incidence of the modified "suspected Triple I" measure we calculated was only 7.2% in the combined UBC and UMCU cohort, and, in a univariable analysis, this measure was not related to either motor (p = 0.7) or cognitive (p = 0.2) outcomes. In the univariable analysis, the severity of the maternal inflammatory response was more strongly associated with cognitive outcome than that of the fetal inflammatory response. These findings seem to affirm those of Ylijoki et al. where, in multivariable models accounting for perinatal factors, worse cognitive performance at 5 years was associated with histological chorioamnionitis, but not with the fetal inflammatory response specifically. 3 Likewise, in the study by Hendson et al., there was no difference in rates of neuromotor, neurosensory, or neurocognitive disability at 18-months CA between children with chorioamnionitis with and without a fetal inflammatory response. 4 The more limited ability of the preterm fetus, relative to the term neonate, to mount an overt inflammatory response might contribute to these findings. 5 Results from the ELGAN study have suggested the humoral inflammatory response in the fetus to be an important mediator of perinatal brain injury, 6 particularly in settings of microbiological infection in the placenta without histological inflammation. 7, 8 In addition, an important mediator of perinatal brain injury in the setting of chorioamnionitis may be placental vascular effects, 9,10 which could potentially be uncovered through better placental imaging. Thus, the humoral response or the placental vascular response to inflammation may be the more significant pathways to white matter injury and warrant further attention.
Our modified "suspected Triple I" measure was not associated with motor or cognitive outcomes in the UBC and UMCU combined cohort, in contrast to histological chorioamnionitis which was associated with worse cognitive outcome in the univariable analysis. As acknowledged in the report, these clinical findings are not specific to placental inflammation due to an infectious process, suggesting that placental pathology may remain the gold standard for definitive diagnosis of acute chorioamnionitis.
